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Introduction {#s1}
============

Autism and autism spectrum disorder comprise a broad array of conditions that impact an individual\'s social communication and behavior. The Diagnostic and Statistical Manual of Mental Disorders (DSM; [@c2]) has three main diagnostic criteria for autism: *a*) persistent deficits in social communication and social interaction across multiple contexts; *b*) restricted, repetitive patterns of behavior, interests, or activities; and *c*) the presence of symptoms in the early developmental period, although they may not become apparent until social demands exceed the individual's capacities ([@c2]). Individuals with autism may express or experience these to varying degrees, resulting in a wide range of abilities from extremely gifted to severely challenged ([@c2]; [@c15]). Autism can have profound impacts on families and individuals, and also has widespread social and economic effects. In the United States, costs associated with autism are estimated at $\$ 11.5–60.9\,\text{billion}$ annually due primarily to medical care, special education, and lost parental productivity ([@c12]; [@c47]).

The prevalence of autism has increased from 1 in 150 in 2002 to 1 in 59 in 2014 ([@c4]; [@c5]; [@c16]). Although genetics are an important risk factor, they would not account for the dramatic rise in prevalence during this span in time, nor do changes in diagnostic criteria ([@c37]; [@c39]; [@c45]). Growing evidence suggests environmental factors and gene--environment interactions contribute to the etiology of the disorder ([@c30]; [@c35]). Some autism-related genes may be targeted by environmental pollutants, including pesticides, heavy metals, bisphenol A (BPA), phthalates, and many other chemicals in food, cosmetics, or household products ([@c13]). Further, evidence suggests that autism diagnosis is associated with variants in genes involved in the elimination of toxic chemicals from the body, which potentially results in a higher body burden of toxic chemicals ([@c60]). Investigating the contribution of environmental chemicals to autism offers an opportunity for intervention by reducing such exposures.

The early developmental period, and specifically the prenatal period, is a sensitive time when the developing brain is particularly susceptible to disruptions from environmental chemicals. This is supported by recent evidence indicating that subtle signs of autism can be detected as early as 9 months ([@c19]). Furthermore, autism disproportionately impacts males relative to females with a rate of diagnosis 3 to 4.5 times higher in males ([@c20]; [@c82]), suggesting the developing endocrine system may be etiologically important ([@c7]). This is supported by studies comparing the length of the index finger to the ring finger, which is an established marker of fetal testosterone concentrations. Such studies have found that a decreased second digit-to-fourth digit ratio, indicating increased fetal testosterone exposure, is associated with an autism spectrum disorder diagnosis ([@c65]). The role and potential mechanisms of environmental endocrine disruptors in the etiology of autism has been discussed in earlier reviews ([@c53]; [@c63]).

Animal models can support the epidemiological evidence reporting associations between environmental chemical exposures and autism. Animal models, for example, allow for the investigation of the complex neurobiological events that occur during early development that may be etiologically important for autism. In addition, due to animals' shorter lifespans, studies conducted in animal models may allow for more rapid assessment of a wide variety of environmental chemicals. Ideally, animal models accurately mimic the observed clinical phenotype, can be induced by the same biological or genetic mechanisms known to contribute to the etiology of autism in children, and have a similar response to treatments that prevent or treat autism in children ([@c23]). To the first point, significant progress has been made to outline specific rodent behavioral tests that address the two core behavioral features of a DSM diagnosis in children: persistent deficits in reciprocal social communication and restricted, repetitive patterns of behavior, interests, or activities ([@c2]; [@c10]; [@c17]; [@c23]). The mouse and rat have been the best described and most utilized animal species to model autism to date. Recognizing the important contribution that animal models have, this scoping review considers the evidence that environmental chemical exposures are associated with autism in rodents alongside that in humans, which, to our knowledge, has not been done in previous reviews on the topic (e.g., [@c55]; [@c60]).

As a scoping review, the goal was to identify and categorize the peer-reviewed literature on the association between prenatal and early postnatal exposure to environmental chemicals and the development of autism in epidemiological studies and rodent models of autism. It was not the goal to draw conclusions about specific chemicals and their hazards. Specifically, we aimed to identify environmental chemical exposures during early life stages that could be further explored via systematic review. We also made recommendations to address research gaps, guide best practices, and prioritize future research.

Methods {#s2}
=======

A protocol for conducting this scoping review was prepared *a priori* but was not made publicly available, as there was no known venue for publication of protocols for scoping reviews at the time. A literature search strategy was crafted for PubMed and executed on 2 November 2016. Search strings were developed to address relevant populations, comparisons, and outcomes \[three of the four components of a PECO (populations, exposures, comparators, outcomes) statement\] ([Table 1](#t1){ref-type="table"}). The complete search logic is available in Excel Table S1. A combination of medical subject headings and free text words were used for the following concepts: autism spectrum disorder, prenatal or developmental life stages, human or rodent. There were no restrictions on exposures, language, or publication date. A search update was performed in PubMed on 8 February 2018 using the same search logic. During data extraction, reference lists of included studies were also hand screened to identify any additional studies that were not retrieved by the literature search.

###### 

PECO statement.

Table 1 has two columns, namely, P E C O Element and evidence.

  PECO element   Evidence
  -------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Population     Human populations or rodent models of autism spectrum disorder.
  Exposure       Exposure occurring during prenatal or early life period. Exposure should begin prior to 2 months of age for humans and postnatal day 14 for rats and mice. Exposure can be either gestational (i.e., via maternal exposure) or directly to the offspring. Only environmental chemical exposures are included (e.g., air pollution, pesticides, flame retardants, heavy metals, etc.).
  Comparators    Comparison group with lower exposure or no exposure.
  Outcome        Autism spectrum disorder or indicators of autism spectrum disorder. Rodent studies need to report at least one reciprocal social communicative behavior or one repetitive and stereotyped behavior.

Note: PECO, populations, exposures, comparators, outcome.

Results of the PubMed search were uploaded to Sciome Workbench for Interactive computer-Facilitated Text-mining (SWIFT, Beta Test version) Active Screener (Sciome), a text mining and machine learning program. In this program, users are first presented with random studies to screen, and the program adaptively learns from the choices made by the users. Thus, as screening progresses, the remaining unreviewed studies are automatically prioritized, and the most relevant studies are presented for screening first, with the purpose of allowing screening to be stopped at a predefined estimated recovery rate for relevant studies.

Title and abstract screening was performed in SWIFT Active Screener by two reviewers (K.E.P. and A.L.B) until an estimated recall of 90% was achieved (i.e., the text mining and machine learning algorithms of SWIFT Active Screener estimated that at least 90% of the relevant studies were identified). The decision to cease screening upon reaching an estimated recall of 90% was determined *a priori* based on methods recommended by the U.S. National Toxicology Program as appropriate for scoping reviews (A.A. Rooney, personal communication). Further, we hand searched reference lists to capture important studies that might have been missed in the screening process. Discrepancies between reviewers were tracked within SWIFT Active Screener and resolved through discussion.

The title and abstract screening of potentially relevant primary studies and reviews performed in SWIFT Active Screener was very broad. For the initial screening, reviewers asked, "Does this reference discuss prenatal or very early life exposures and autism spectrum disorder in humans or rodent models?" There were no limitations on the types of exposure in this level. When it was unclear if a study met the inclusion criteria based on review of the title and abstract, it was moved forward to the next screening stage and later confirmed during full-text review.

Studies included after title and abstract screening in SWIFT Active Screener were then uploaded to DistillerSR (Evidence Partners) for initial tagging by publication type (primary research or review), evidence stream (epidemiological study or experimental rodent study), and type of exposure (air pollution, alcohol, assisted reproduction, drugs of abuse, endogenous hormones, environmental chemicals, folic acid, heavy metals, infant feeding, medication/pharmaceutical, minerals/trace elements, research compounds, smoking, vaccines/immunoglobulins, valproic acid, vitamin D, other/not sure).

Studies tagged as air pollution, environmental chemicals, metals, and those where it was unclear what the exposure was from the title and abstract screening (tagged as "other/not sure") were reviewed at the full-text level. Full-text review of studies was carried out in DistillerSR. Studies had to be available in English language to be included at the stage of full-text review. For both epidemiological and experimental rodent studies to be included, there had to be exposure to environmental chemicals at an early developmental age. As this is a scoping review intended to cast a wide net, exposures that could possibly be proxy measurements of environmental chemical exposures were also included. Given that significant neurodevelopment occurs postnatally in rodents, exposure had to occur on or before postnatal day (PND) 14 to be included in this scoping review. This is a time approximately equivalent to 2 months of age in humans based on various neurodevelopmental events ([@c22]; [@c78]). Thus, epidemiological studies had to assess environmental exposures at or before 2 months of age to be included in this scoping review. All epidemiological studies that reported an outcome of autism diagnosis, regardless of how a diagnosis was defined, were included. Rodent studies had to report at least one reciprocal social communicative behavior or one repetitive and stereotyped behavior to be included. [Table 2](#t2){ref-type="table"} provides specific examples of rodent outcomes and how they were categorized for analysis. The outcomes and their classification as reciprocal social communicative behaviors or repetitive and stereotyped behaviors are based on those recommended in Bey and Jiang ([@c10]); Chang et al. ([@c17]); Crawley ([@c23]), and are meant to reflect the diagnostic requirements in humans as outlined in the DSM-5 ([@c2]). Reviews were included if they addressed developmental exposure to environmental chemicals and autism in humans, or autism-related behaviors in rodents.

###### 

Experimental rodent outcomes.

Table 2 has two columns, namely, animal outcome categories and specific examples of rodent outcomes.

  Animal outcome categories                                                     Specific examples of rodent outcomes
  ----------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reciprocal social communicative behaviors[^*a*^](#TF2){ref-type="table-fn"}   Three-chambered test, open field test with social component, play behaviors measurements, ultrasonic vocalizations, nest seeking response, social choice, social discrimination, other measurements of social behaviors other than aggression
  Repetitive and stereotyped behaviors[^*a*^](#TF2){ref-type="table-fn"}        Classic stereotyped behaviors such as gnawing, circling, or rearing; repetitive behaviors measured by maze apparatus such as T, Y, or Morris water mazes; other stereotypical behavioral measurements
  Comorbidities                                                                 Anxiety measurements such as elevated plus maze, light dark box, prepulse inhibition, elevated food test, or zero maze; other comorbid behaviors
  Mechanistic outcomes                                                          Neuropathology, neuropsychological functioning, neurochemical alterations

Inclusion criteria.

Data extraction from full-text documents was carried out in DistillerSR. Bibliographic citation information was recorded for all included studies. The following information was recorded for epidemiological studies: study type, name of study if provided, geographic location, overall sample size, sex of included participants, how autism was diagnosed, the age range of diagnosis, the year of birth, what the exposure was, if it was an occupational or a general population exposure, how the exposure was measured, and age when exposure was assessed. Initially, the specific exposures that were assessed in each study were extracted and listed. Upon the completion of data extraction, it became necessary to broadly classify the long list of exposures that had been captured. It should be noted that some chemicals may be classified in more than one broad category. For example, all studies on mercury, regardless of its source, are found in the broad category "metals & semi-metals," but only those studies where it was investigated as an air pollutant are also found in the broad category "air pollutants." Likewise, it became necessary to broadly categorize how autism was diagnosed. After consultation with experts in the field, we broadly categorized studies as: using specific diagnostic tools, using specific screening tools, and/or stating that children met either the DSM or International Statistical Classification of Diseases and Related Health Problems (ICD) criteria. It should be noted that diagnostic tools and screening tools are used by practitioners to reach a DSM or ICD diagnosis, but stating that a DSM or ICD diagnosis was given does not indicate which specific diagnostic or screening tools were used to reach that conclusion. Further, not all diagnostic and screening tools may be comparable ([@c58]).

The following information was recorded for rodent studies: the strain and species, the environmental exposure, age of exposure (categorized as gestational, postnatal, or both, which is referred to as "developmental"), route of exposure, whether or not the outcome occurred spontaneously or was induced (for example, by apomorphine or amphetamine), the timing of outcome assessment \[categorized as neonatal (0--14 d), juvenile (15--40 d), adult ($41 + d$)\], and the outcome. Comorbidities and mechanistic outcomes were also recorded if noted within the included studies ([Table 2](#t2){ref-type="table"}). During full-text review, the included reviews were characterized as narrative, systematic, scoping, or meta-analytic reviews, as per how the authors identified the publications. Data on the evidence stream (epidemiological or experimental rodent) and exposures studied were also extracted. All extracted information was exported from DistillerSR to Microsoft Excel and was subsequently visualized using Tableau Desktop Professional Edition (version 2018.3.1; Tableau, <https://public.tableau.com/profile/the.endocrine.disruption.exchange#!/>).

Results {#s3}
=======

The PubMed search retrieved 18,242 studies ([Figure 1](#f1){ref-type="fig"}). After duplicate removal, 18,218 studies were uploaded to SWIFT Active Screener for title and abstract screening. The literature update retrieved an additional 3,359 studies, 11 of which were duplicates from the original search. The studies retrieved from the update were processed identically to the initial search. An estimated recall of 90% was achieved when 4,000 studies had been screened in SWIFT Active Screener. Likewise, estimated recall of 90% was achieved when 808 studies of the search update had been screened. Hand searching the bibliographies of included references resulted in an additional 37 studies to screen. In total, 1,127 studies were considered relevant after title and abstract screening and moved to DistillerSR for further categorization. Full text was reviewed for the 316 studies that were tagged as including an exposure to an environmental chemical, air pollutants, or metals, and that appeared relevant based on the title and abstract. Reasons for exclusion during full-text review are provided in Excel Table S2.

![Flowchart of studies through the review process. This describes the number of studies evaluated at each step of the review process. "Hand ID" are the studies identified by scanning reference lists of included studies. Priority-ranked studies were screened at the title and abstract level in Sciome Workbench for Interactive computer-Facilitated Text-mining (SWIFT) Active Screener. Studies were excluded if they did not pertain to prenatal or very early life exposures and autism in humans or rodent models. At the full-text level, studies were excluded if there was not exposure to environmental chemicals prior to 2 months of age in humans or 14 d in rodents. \*Note: Reasons for exclusion at the full-text level can be found in Excel Table S2.](ehp4386_f1){#f1}

After full-text review, 150 studies were included: 54 epidemiological studies, 46 rodent studies, and 50 reviews ([Figure 1](#f1){ref-type="fig"}). It should be noted that the direction of association (positive, negative, or not associated) of any particular exposure with autism was not captured in this scoping review. Overall, the rate of publication has been steadily increasing in the last 10 y, with a dramatic increase in epidemiological studies after 2012 ([Figure 2](#f2){ref-type="fig"}). The number of reviews in 2016 ($n = 16$) equaled the number from the prior 5 y combined.

![Number of studies published by year and type (1999--2017). The number of studies in each evidence stream are shown by year of publication. Note: Five experimental rodent studies published before 1999 are not shown in this figure. One paper was published in each of the following years: 1974, 1979, 1984, 1985, and 1995.](ehp4386_f2){#f2}

Extracted data from epidemiological and rodent studies is available in an interactive format in Figures S1 and S2 (see Supplemental Materials for more information on accessing and navigating the supplemental figures). In these interactive figures, the data can be filtered by environmental exposure and/or outcome. The epidemiological data can be additionally filtered by study type, and the rodent data can be additionally filtered by the timing of exposure or outcome assessment. Extracted data can also be viewed in Excel Table S3 (epidemiological data), Excel Table S4 (experimental rodent data), and Excel Table S5 (reviews). Results for epidemiological studies, experimental rodent studies, and reviews are presented and discussed below.

Epidemiological Studies {#s3.1}
-----------------------

Fifty-four epidemiological studies were identified ([Figure 3](#f3){ref-type="fig"}, Excel Table S3). Fifty studies investigated general population exposures, and five investigated occupational exposures. Most studies used a case--control study design ($n = 39$), including 20 population-based studies and 10 nested studies. Cohort ($n = 7$), prospective cohort ($n = 7$), and ecological ($n = 1$) study designs were also used ([Figure 4](#f4){ref-type="fig"}). Eleven of the epidemiological studies were from the Childhood Autism Risks from Genetics and Environment (CHARGE) project, a large population-based case--control study in California (Excel Table S3). The majority of the studies from CHARGE investigated the role of air pollutants ($n = 7$), but pesticides ($n = 3$), metals ($n = 2$), and occupational exposures ($n = 1$) have also been studied in this project.

![Heat map of included epidemiological studies by exposure (in rows) and how autism was determined within the study (in columns). Numbers within cells indicate the number of studies for a given exposure and method of autism determination. Empty cells indicate a lack of studies. An interactive version of this figure is available at <https://public.tableau.com/profile/the.endocrine.disruption.exchange#!/vizhome/Fig3_Enviornmentalchemicalsandautism-epidemiologicaldata/Interactive>. For clarity, the different methods of autism determination were collapsed into the following broad categories: used specific diagnostic tools, used specific screening tools, and/or stated that children met either the DSM or ICD criteria. It should be noted that diagnostic tools and screening tools are used by practitioners to reach a DSM or ICD diagnosis, but stating that a DSM or ICD diagnosis was given does not indicate which specific tools were used to reach that conclusion. The 142 specific exposures assessed in the included studies were also collapsed into six broad categories for improved clarity. The categories for types of exposures can be fully expanded in the interactive version of the figure. Additional study information can be found in the interactive Figure S1 and in Excel Table S3. Note: A-TAC: autism tics, ADHD, and other comorbidities inventory; ADIR-R, Autism Diagnostic Interview--Revised; ADOS, Autism Diagnostic Observation Schedules; ASRS, Autism Spectrum Rating Scales; ATEC, Autism Treatment Evaluation Checklist; CARS, Childhood Autism Rating Scale; CAST, Childhood Autism Spectrum Test; DSM, Diagnostic and Statistical Manual of Mental Disorders; ICD, International Statistical Classification of Diseases and Related Health Problems; PDP of CBCT, Pervasive Developmental Problems subscale of the Child Behavior Checklist for Toddlers; SCQ, Social Communication Questionnaire; SDQ, Strengths and Difficulties Questionnaire; SRS, Social Responsiveness Scale.](ehp4386_f3){#f3}

![Sample size by epidemiological study type. Epidemiological studies are displayed in the scatterplot based on their study design on the *x*-axis (case--control, nested case--control, population-based case--control, cohort, or prospective cohort) and on the number of study participants on the *y*-axis (log scale). Studies conducted in the United States are shown as blue circles. Studies conducted outside of the United States are shown as light-teal triangles.](ehp4386_f4){#f4}

The included studies represent children born from 1967 to 2010. Studies were conducted in 15 countries, but most were located within the United States ([Figure 4](#f4){ref-type="fig"}), with 23 studies (43% of all epidemiological studies) conducted in California (Excel Table S3). Findings from these studies may or may not be generalizable to the general population, given the variability in exposure to environmental chemicals across different geographical locations and during different time periods.

One hundred forty-two chemical exposures were catalogued and organized into six broader exposure categories ([Figure 3](#f3){ref-type="fig"}, Figure S1, Excel Table S3). In some studies, exposures were described only in general terms (e.g., metals, pesticides, air pollutants). In others, specific chemicals or chemical groups were investigated \[e.g., BPA, chlorpyrifos, polychlorinated biphenyls (PCBs)\]. In some studies, both the general exposures and the individual chemicals were analyzed. On average, each paper explored six exposures ($\text{median} = 4$).

The broad category of air pollutants has been the most studied to date ($n = 22$ studies; Figure S1). Air pollutant studies ranged from general "air pollution" to one or more individual chemicals, spanning 56 chemicals across all air pollutant studies. Of these, 11 were metals or semimetals studied as air pollutants. The next-largest broad category of exposure studied was metals and semimetals with $n = 19$ studies spanning 18 specific exposures. Industrial chemicals and by-products followed with $n = 16$ studies spanning 20 specific exposures, and pesticides with $n = 12$ studies spanning 40 specific exposures. The 40 specific pesticide exposures included 27 individual pesticides and 12 pesticide classes (e.g., described by study authors as "pyrethroids"), as well as the general term "pesticides."

Specific exposures can be viewed by expanding the exposures display in the interactive Figure S1, and from there, the specific studies associated with each exposure can also be easily obtained. Note that as described in the "Methods" section, some specific exposures may appear in more than one broad category. For example, studies that evaluated lead or mercury are always displayed in the metals and semimetals broad category, and additionally appear in the air pollutants broad category when they were considered in the context of air pollution.

Under the broad category of air pollutants ($n = 22$), several specific air pollutants have been evaluated. The most studied were particulate matter ($n = 14$), nonspecific "air pollution" (mostly as near-roadway or traffic-related air pollution; $n = 10$), nitrogen dioxide ($n = 8$), ozone ($n = 6$), lead ($n = 6$), nitrogen oxides ($n = 5$), manganese ($n = 5$), and cadmium ($n = 5$). PCBs are the most studied industrial chemicals and by-products ($n = 8$), though per- and polyfluoroalkyl substances and polybrominated diphenyl ethers (PBDEs) have been evaluated in $n = 4$ studies each. Mercury ($n = 14$), lead ($n = 10$), manganese ($n = 8$), chromium ($n = 6$), cadmium ($n = 6$), nickel ($n = 5$), nonspecific "metals" ($n = 5$), and arsenic ($n = 5$) have been the most studied metals and semimetals to date. As noted, some of these metals have been studied in the context of air pollution as well as from other sources (for example, mercury from dental amalgams). With the exception of organophosphates ($n = 4$), dichlorodiphenyldichloroethylene ($n = 4$), pyrethroids ($n = 3$), chlorpyrifos ($n = 3$), and trans-nonachlor ($n = 3$), most pesticides have only been evaluated in one or two papers each. Of the plastics and plastic additives, BPA has been studied the most ($n = 4$), with the phthalates and phthalate metabolites each being studied only once or twice each. Of all the 142 specific exposures catalogued, only 22% ($n = 31$) have been investigated in at least one prospective study.

Environmental exposures were determined by a variety of measurements. Details on how and when exposure was assessed can be found in Excel Table S3 and by hovering over the study details in Figure S1. In some cases, there was direct measurement in a biological matrix (e.g., blood, breast milk, and urine); in other cases, the exposure was determined based on modeling data, taking into consideration maternal residence and factors such as local or regional air quality monitoring data, or known dates of pesticide application. The latter measurements are less sensitive and specific and rely upon several assumptions that could introduce artifacts capable of impacting the outcome of the study. There is also the possibility for lack of specificity in terms of exposure timing. Some of the exposure measurements may be considered proxies for prenatal exposure (e.g., hair from first baby haircut, baby teeth, and some of the modeling data), and it is not clear if these truly represent early developmental vs. infant or early childhood exposures.

Studies differed in how autism cases were diagnosed and/or defined ([Figure 3](#f3){ref-type="fig"}; Figure S1). The DSM and the ICD criteria are the two most widely used manuals for defining autism. The DSM was updated from DSM-IV([@c1]) to DSM-V ([@c2]) in 2013, and the ICD was updated from ICD-9 ([@c14]) to ICD-10 ([@c75]) in 2015, and both versions were used by the studies included in this review. Twenty-two studies reportedly used the DSM criteria, and six used the ICD criteria. The specific evaluative measures administered by trained professionals for reaching a diagnosis based on the DSM or ICD manuals are referred to as diagnostic tools. The specific diagnostic tools used were reported in 23 studies (Figure S1; Excel Table S3). In comparison, screening tools are quick methods to identify someone who may have autism and who should be referred for more in-depth diagnostic testing ([@c18]). Screening tools are also used in the research setting to confirm controls are properly classified. Screening tools were used in 26 studies (Figure S1, Excel Table S3), indicating that many studies either do not thoroughly screen controls to ensure they are classified appropriately, or do not report it.

Of the 39 case--control studies, nearly all stated that cases received a DSM-IV or DSM-V diagnosis ($n = 17$), an ICD-9 or ICD-10 diagnosis ($n = 5$), or a diagnosis from a psychiatrist or physician (with no criteria provided) ($n = 10$), but most did not specify which specific screening or diagnostic tools were used to reach the diagnosis. Further, many of the case--control studies relied on previous diagnosis of autism as obtained from medical/administrative records, as opposed to performing diagnosis on the individual children enrolled in the studies. The exception is that the 11 reports from the population based case--control CHARGE study reported only the specific screening (Social Communication Questionnaire) and diagnostic tests used \[Autism Diagnostic Interview-Revised (ADI-R) and Autism Diagnostic Observation Schedule (ADOS)\], without specifying that case children met the DSM or ICD criteria, though that is implied. In contrast, the cohort studies relied mainly on screening tools, with the Social Responsiveness Scale (SRS) used most frequently ($n = 6$). The three largest cohort studies, however, did not use a screening tool ([@c31]; [@c44]; [@c73]). Instead, DSM-IV cases were identified by examining records from records-based surveillance programs. Whether it is appropriate to include and/or combine data from studies using different diagnostic and screening tools for autism should be addressed in future reviews.

Half of the studies did not report the age of autism diagnosis. Of those that did ($n = 27$), the range of age at diagnosis across the studies was from 0.3 to 12 y of age. Studies in which children are diagnosed at younger ages may miss cases that, for various reasons, are not diagnosed until the children are older. On the other hand, studies that include children diagnosed at later, preteen ages may be susceptible to misdiagnosis with other phenotypically similar disorders such as attention deficit hyperactivity disorder (ADHD) ([@c6]; [@c33]; [@c42]). In either case, the field would benefit from better reporting of the age of diagnosis.

Experimental Rodent Studies {#s3.2}
---------------------------

Forty-six studies met the inclusion criteria for rodent studies \[i.e., the study had to report assessment of at least one reciprocal social communicative behavior or repetitive and stereotyped behavior ([Table 2](#t2){ref-type="table"}), and exposure had to occur prior to PND 14\]. It should be noted that it was not required that studies deem the behaviors to be altered in a way that suggests an autism-like phenotype; rather, we only required the behavior to have been studied. Exposures occurred either gestationally ($n = 16$), postnatally ($n = 8$), or developmentally (exposure occurring during both pregnancy and lactation; $n = 26$). In Figure S2, these different exposure periods are represented by different colors and can also be found by hovering over the study details. Two studies evaluated the impact of different exposure timing scenarios on the behavioral outcomes in order to more clearly define the critical period of exposure ([@c71]; [@c83]). Animals were exposed to the chemicals via inhalation, subcutaneously (by injection or implantation of osmotic minipump or silastic capsule), by intraperitoneal injection, or orally (via feed or diet, drinking water or gavage).

There were 25 unique exposures captured ([Figure 5](#f5){ref-type="fig"}, Figure S2, Excel Table S4). Pesticides and metals were the most explored with chlorpyrifos ($n = 9$), mercury ($n = 6$), and lead ($n = 4$) being the specific chemicals most studied. PCBs and particulate matter were each investigated in three studies. The remaining exposures were studied in one ($n = 13$) or two ($n = 7$) studies each.

![Heat map of included rodent studies by exposure (in rows) and types of rodent outcomes (in columns). Numbers within cells indicate the number of studies for a given exposure and outcome. Empty cells indicate a lack of studies. An interactive version of this figure is available at <https://public.tableau.com/profile/the.endocrine.disruption.exchange#!/vizhome/SupplementalFigure2_Environmentalchemicalsandautism-rodentdata/Interactive>. For clarity, the different outcomes have been collapsed to the four types of outcomes that were captured in this report. Additional study information can be found in the interactive Figure S2 and in Excel Table S4.](ehp4386_f5){#f5}

In humans, an autism diagnosis is based on the presence of persistent deficits in social communication and social interaction and restricted, repetitive patterns of behavior, interests, or activities ([@c2]). Thirty-one rodent studies reported reciprocal social communicative behaviors, and 28 studies reported repetitive and stereotyped behaviors (Figure S2). A challenge in using animals to study autism is assessing the model's face validity, or in other words, determining if the behavioral features are at least conceptually analogous to core diagnostic symptoms in humans. To this end, 13 studies reported on both types of behaviors in the same study and therefore may have stronger face validity. Arsenic, butyl paraben, cadmium, chlorpyrifos, di(2-ethylhexyl) phthalate, lead, manganese, mercury, ozone, particulate matter, PBDEs, PCBs, and trihalomethanes and perchloroethylene mixture were the only exposures in which reciprocal social communicative behaviors and repetitive and stereotyped behaviors were reported in the same study. Of these, only chlorpyrifos and particulate matter were reported in more than one study with both types of behaviors. Assessing both types of behaviors within a study would better reflect human diagnostic criteria.

Tests for reciprocal social communicative behavior assess how a rodent interacts with and/or communicates with another individual in a social setting, and may represent the persistent deficits in social communication and social interaction diagnostic of autism in humans ([@c61]). The most commonly reported tests for reciprocal social communicative behavior were the three-chambered test ($n = 17$), ultrasonic vocalizations ($n = 13$), and the open field with social component test ($n = 12$) (Figure S2, Excel Table S4). The three-chambered test and open field test with a social component specifically assess aspects of sociability ([@c10]). Assessment of ultrasonic vocalizations specifically assesses communication behavior. Ultrasonic vocalizations are often evaluated by removing a neonatal pup from the dam and littermates, but intentional communication may be evaluated in juvenile or adult animals ([@c10]; [@c61]). Assessment of repetitive and stereotyped behaviors in rodents represents the restricted, repetitive patterns of behavior, interests, or activities that are diagnostic of autism in humans ([@c23]). Assessment of classic stereotyped and repetitive behaviors (e.g., gnawing, circling, rearing) was reported in 19 studies and was the most common assessment of repetitive and stereotyped behaviors. The dopamine agonist apomorphine or the stimulant amphetamine was used to induce repetitive behaviors in rodents in nine of the 19 stereotypy studies. Data suggests induced and spontaneous stereotypies may be mediated by different mechanisms, although there is, as of yet, no clear guidance as to which assessment is more directly applicable in rodent models of autism ([@c48]; [@c57]). It should be noted that the animal evidence may be underestimated in this scoping review because we did not include search terms for each specific behavioral test.

In Figure S2, the different outcome assessment periods are represented by different shapes and can also be found by hovering over the study details. The timing of the outcome assessment was largely dependent on the outcome being measured. Some outcomes, such as ultrasonic vocalizations, can be evaluated for both pups and adults, although they need to be interpreted differently ([@c61]). Eighteen studies evaluated end points in neonates (14 d old or younger) (Figure S2). End points measured at this time were primarily ultrasonic vocalizations and nest-seeking response. Twenty-one studies evaluated end points in juveniles (15--40 d old), and 36 studies evaluated end points in adults ($41 + d\,\text{old}$). Combinations of exposure and outcome timing can be explored in Figure S2.

Anxiety and hyperactivity are associated features supporting diagnosis of autism ([@c2]; [@c10]). Thirty-one studies reported at least one comorbid behavior, with most ($n = 25$) reporting a measurement of neonatal, juvenile, or adult hyperactivity, and some ($n = 12$) reporting a measurement of juvenile or adult anxiety. Reporting of comorbid behaviors can further support the face validity of rodent models when the phenotype observed is analogous to human clinical presentation.

Likewise, mechanistic end points in rodent studies can support the validity of the model, for example, if molecular effects are the same as those observed in humans with autism spectrum disorders. A major advantage to using rodent models is that mechanistic end points, such as changes in neural cell populations, can more easily be studied than in humans. Nearly half of the rodent studies ($n = 21$) included further investigation of at least one mechanistic end point, with the most common being neurochemical alterations ($n = 17$) such as differences in dopamine or serotonin levels. Fewer studies ($n = 4$) reported changes in neural structures or architecture, such as alterations in cell number or cell structure. Three studies reported alterations in neurophysiological functioning (acetylcholinesterase activity). De Felice et al. ([@c24]) and Sadowski et al. ([@c62]) published follow-up studies with mechanistic outcomes.

The experimental rodent studies were split fairly evenly between rat ($n = 22$) and mouse ($n = 24$) model systems. While there are many similarities, there are more options for exploring the role of genetics when using mice due to the availability of a wider variety of genetically modified mouse models than rat models. This is apparent by the lack of genetically modified strains of rat and the use of genetically modified strains of mice in the included studies. Ellenbroek and Youn ([@c25]) discuss notable species differences as they pertain to models of neuropsychiatric disorders. These include functional differences in brain structure and differences in social structure that in turn affect social behavior ([@c25]). They conclude that rats may be the preferred model for assessing social behaviors, as mice display less social interaction and receptiveness. It should also be noted that strain differences are likely to exist within each species as well ([@c64]). While our search of animal models of autism was limited to rat and mouse models, other animal models exist and should be considered in future work on this topic. For example, primates and rodent models other than mice and rats, \[e.g., *Microtus* (vole) and *Peromyscus* (deer mouse)\] have been used to study environmental chemicals ([@c56]). Although they may not be as well characterized or utilized as rat and mouse models for studying autism, they have unique advantages ([@c74]). For example, the vole is more social than either the rat or the mouse ([@c8]), and the mechanism underlying their prosocial traits is well characterized, making them an excellent animal model for studying the effects of environmental chemicals on neurodevelopmental disorders like autism ([@c56]).

Reviews {#s3.3}
-------

Fifty reviews were identified, covering 57 exposures (Excel Table S5). As in the primary literature, air pollution, mercury, and pesticides were the most frequently discussed exposures in the reviews. Of the various review types, systematic reviews and meta-analyses are generally regarded as the best suited for establishing the strength of the evidence between environmental exposures and autism ([@c32]; [@c51]; [@c77]). Nine systematic reviews (as identified by the review authors) and three meta-analyses have been conducted since 2014; they included only human evidence. Note that we did not evaluate the quality of the systematic reviews to ascertain whether they were indeed systematic according to current standards such as ROSES \[RepOrting standards for Systematic Evidence Syntheses ([@c34])\]. Only mercury (from air pollution) ([@c81]), particulate matter ([@c27]; [@c46]), nitrogen dioxide ([@c27]), and ozone ([@c27]) have been evaluated by meta-analysis. Systematic reviews of the epidemiological evidence have been conducted on particulate matter ([@c46]; [@c54]), air pollutants ([@c27]; [@c29]; [@c46]; [@c60]), chromium and nickel ([@c52]), mercury (from air pollution) ([@c81]), neonicotinoid pesticides ([@c21]), and phthalate esters ([@c43]). Though significant effects were noted for mercury, and there was limited evidence that developmental exposure to air pollutants was associated with autism, overall, the systematic reviews highlighted the need for more and better observational human studies. Authors of the systematic reviews largely declared that there was not enough evidence, or the evidence was too heterogeneous, to declare strong support for an association between the reviewed exposures and autism.

The remaining reviews were narrative and addressed human epidemiological studies ($n = 47$) and rodent studies ($n = 12$). Some were more general (e.g., [@c28]; [@c40]), for example, discussing autism and other neurological diseases and disorders (e.g., ADHD), and others were more narrowly focused on autism (e.g., [@c50]; [@c79]). Yet other reviews drew mechanistic links between environmental exposures and autism and used the primary literature to support their proposed hypotheses (e.g., [@c53]). Most reviews discussed five or fewer environmental chemical exposures.

Discussion {#s4}
==========

The aims of this scoping review were to identify research gaps, make recommendations to help guide the field and prioritize future research, and propose specific topics that we deemed ready for systematic review. In this review, we identified 152 exposures across the epidemiological and experimental rodent studies. Importantly, this surveys only a small fraction of the chemicals manufactured or processed, which is estimated to be upwards of 85,000 in the United States ([@c69]).

Epidemiological Studies {#s4.1}
-----------------------

When assessing a body of evidence, particularly in a systematic review with meta-analysis, a major challenge is combining studies that used very different methods. In this review, the 54 epidemiological studies varied widely in terms of study design, specific exposures assessed, how and when exposures were evaluated, and how autism cases were defined. We recommend the following in order to reduce this heterogeneity and improve research methods in this field of study:

### Autism diagnosis. {#s4.1.1}

Based on our experience conducting this scoping review, the field would benefit from more thorough reporting in the primary research of how autism cases and controls are defined, specifically which diagnostic and/or screening tools are used to reach a DSM or ICD diagnosis. There are numerous tools available to screen and diagnose autism, some more specific and sensitive than others ([@c26]; [@c58]), and whenever possible, we recommend researchers use the most rigorous methods of diagnosing autism \[e.g., ADOS and ADI-R ([@c58])\]. Further, in our opinion, attention should be paid to appropriately screening participants to minimize cases being inappropriately classified as controls. Additionally, the age of autism diagnosis should be better reported, as it is important in evaluating the likelihood of an accurate diagnosis. These issues are particularly problematic in studies that rely solely on record review for DSM or ICD diagnosis.

### Exposure assessment. {#s4.1.2}

Exposure assessment methods and timing varied widely between chemicals and even for the same chemical. The reliance in the past on less sensitive and precise measures of exposure levels and timing \[e.g., those based on data modeled from historical Toxic Release Inventory data ([@c46]) or baby's first haircut\] allowed for the early exploration of associations with autism, but in our opinion, will be less useful moving forward. More sensitive and direct exposure assessment methods that determine individual levels of exposure are now available. For example, biological samples, personal exposure monitoring systems, and exposomic analyses may provide more accurate and comprehensive exposure information ([@c67]; [@c72]). In addition, for chemicals for which exposure levels are known to fluctuate over time \[e.g., pesticides ([@c3]; [@c49])\] or that are rapidly metabolized \[e.g., BPA ([@c66]; [@c80])\], studies should include exposure assessments at multiple time points.

### Study location. {#s4.1.3}

The geographical distribution of studies identified in this review was highly skewed toward the United States, and specifically California. It is known that environmental chemical exposures vary between time and place, due to different environmental chemical regulations (e.g., for pesticides), regional weather patterns (e.g., air pollution), differences in local industries (e.g., manufacturing), and other variables. Further, it is also known that autism diagnosis rates vary geographically, and this may be related to different environmental exposures across regions ([@c41]). It may be important to establish studies in more diverse locations to better understand the influence of environmental chemical exposures on autism.

### Study design. {#s4.1.4}

There were only seven prospective studies identified in this scoping review. Prospective studies that enroll families during early pregnancy or even preconception, and track exposures through early postnatal life, provide the most direct evidence linking environmental exposures to autism. It may be helpful to establish studies similar to the Health Outcomes and Measures of the Environment (HOME) study, a prospective cohort study set in Cincinnati, Ohio ([@c11]), in diverse geographic locations. On the other hand, additional population based case--control studies similar to the CHARGE study in California ([@c36]) would more quickly grow the evidence base for chemicals that currently only have one or two studies.

Experimental Rodent Studies {#s4.2}
---------------------------

Although animal models will never fully mimic real-world exposures and the complex set of demographic, environmental, and social factors that go into a condition like autism, results from animal model studies can contribute valuable information to the body of evidence linking environmental chemicals to autism. In part, this is due to the ability to control the chemicals, doses, and timing of exposure in animal studies. Animal studies can also shed light on biological mechanisms critical to ensuring proper development, such as neurotransmitter and hormone signaling. Understanding these processes as they are related to autism may help identify opportunities for prevention or treatment. Further, for chemicals deemed to be associated with autism, animal studies will likely be necessary to satisfy current regulatory risk assessment methods that set safe levels of exposure ([@c68]). Based on the 46 experimental rodent studies identified in this scoping review, we make the following recommendations:

### Harmonized efforts. {#s4.2.5}

As the field moves forward, better harmonization between the chemicals that are studied in humans and those studied in animals is recommended. Many chemicals were only studied in one body of evidence or the other. It would be helpful for future animal studies to focus on addressing questions identified by epidemiological studies (e.g., regarding dose, timing, and mechanisms of action) to help identify causal relationships. For example, there are 22 epidemiological studies evaluating over 50 different components of air pollution, yet there are only four rodent studies. More research using rodent models could improve our understanding of causative chemicals in such complex mixtures. In addition, chemicals currently identified only in animal studies (e.g., butyl paraben, diethylhexyl phthalate, dichlorvos, fenvalerate, glufosinate ammonium, isobutyl paraben, propionic acid, and tungsten) should be evaluated for possible inclusion in epidemiological studies to better understand their relevance to humans.

### Improved model characterization. {#s4.2.6}

Currently, resources are available that describe how different rodent behavioral assays contribute to the face validity of the model ([@c61]). However, there has not been, as of yet, clear guidance on which specific behavioral tests or combinations of tests provide the most valid and reliable model of autism. Moving forward, we recommend that studies specifically aiming to model autism in animals should measure both reciprocal social communicative and stereotyped and repetitive behaviors. Measurements of comorbid behaviors and mechanistic outcomes should also be included in future studies in order to more fully characterize the phenotype. Furthermore, the utility of other animal models, including nonhuman primates and voles, should continue to be explored, as they may offer unique similarities to the human condition.

Reviews {#s4.3}
-------

We identified 50 reviews, including nine systematic reviews and three meta-analyses. The reviews varied greatly in their depth. None of the systematic reviews or meta-analyses in this field have incorporated evidence from animal models. One of the benefits of systematic review methods designed for environmental health research ([@c59]; [@c77]) is that they provide specific guidance on how to integrate evidence across human and animal studies, as well as how to incorporate mechanistic evidence. As such, these frameworks allow stronger conclusions to be drawn about hazards posed by environmental chemicals. Other strengths of these systematic review frameworks are that they feature risk of bias evaluations, inclusion of positive and negative findings, and transparent decision-making in order to arrive at the most robust conclusions. Based on our experience conducting this scoping review, we recommend the following:

### Future systematic reviews. {#s4.3.7}

There is no clear guidance on what makes a topic ready for systematic review and meta-analysis. Although, technically, a systematic review can be conducted on a minimum of two studies, typically they include more, as they are designed to tease apart more complex research questions in environmental health. In conducting scoping reviews, we base our recommendations for systematic review on the number of studies we identify in the epidemiological and animal literature, the presence or absence of other literature reviews, insight gained during the scoping process, and other contextual factors. As a result of this scoping review of autism, we recommend the following chemicals for systematic review: Chlorpyrifos: We identified three epidemiological studies and nine experimental rodent studies that investigated the relationship between the pesticide chlorpyrifos and autism. The epidemiological studies (but not the rodent studies) were previously reviewed by Lam et al. ([@c46]), indicating a trend towards a positive association. Notably, chlorpyrifos was one of the few chemicals we reviewed that included rodent studies with behaviors addressing both diagnostic criteria for autism. Chlorpyrifos's association with autism has not yet been evaluated by meta-analysis. Given current efforts to determine whether U.S. Environmental Protection Agency should regulate chlorpyrifos due to its effects on neurodevelopment ([@c38]; [@c70]), we believe a systematic review considering both the epidemiological and experimental rodent evidence is warranted and timely.Lead: We identified ten epidemiological studies on lead, six of which were related to lead as an air pollutant (reviewed by Lam et al. with mixed results) ([@c46]). It may be fruitful to review lead again, adding the three epidemiological studies where lead was investigated as a biomarker of exposure (in baby teeth) and the four experimental rodent studies. Although efforts are underway to bring lead exposure to "near zero" levels ([@c9]), understanding specifically whether it contributes to the incidence of autism is an important question to address, as it may have relevance for treatment and prevention efforts.PCBs: Another potential candidate for systematic review is the group of industrial pollutants, PCBs. We identified eight epidemiological studies and three experimental rodent studies on PCBs. Although they have been largely regulated as hazardous chemicals, whether PCBs contribute to the etiology of autism in humans remains to be determined, as they have not yet been evaluated by systematic review or meta-analysis.

### Search terms. {#s4.3.8}

It should be noted that the animal evidence in this scoping review may be underestimated because we did not include search terms for specific behavioral tests such as ultrasonic vocalizations or the three-chamber test. It is likely that these specific tests have been utilized in developmentally exposed animals outside of the context of autism, for example, in studies exploring effects of developmental chemical exposures on social behavior \[e.g., Wolstenholme et al. ([@c76])\] or in studies modeling other neurobehavioral disorders. Future reviews would benefit from the refinement of relevant literature search terms for specific animal behavioral tests. To some extent, this may occur as journals begin publishing protocols developed *a priori* for scoping and systematic reviews, which allows for input on the search strategy during peer review and also provides an opportunity for public review. Toward this end, all of the data evaluated in this scoping review are publicly available in easy-to-use, interactive figures that allow further exploration and analysis of the research that has been conducted to date.
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